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Summary 
Ion beam bombardment induced self-assembly represents a new promising 
nanofabrication technology due to its advantages of fabricating ordered arrays of 
uniform nanodots over large area in a rapid process and at low cost. In this thesis, 
systematic studies have been carried out to investigate the effects of important ion 
beam parameters such as ion beam energy, ion beam current density, beam geometry, 
ion beam dose as well as substrate temperature on the formation of regular arrays of 
uniform-sized nanodots. 
It is found that effective substrate cooling and uniform ion beam geometry are very 
important for the formation of self-assembled nanodots. The formation mechanisms 
are discussed in terms of interplay between roughening due to the ion sputtering and 
smoothing because of surface diffusion/ viscous flow. 
Optimized ECR (Electron Cyclotron Resonance) ion beam parameters and processes 
have been performed on a home designed ion beam system in DSI for experimental 
demonstration of self-ordered nanodots of uniform size over large area at wafer level. 
Size uniformity of better than ~2% of self-assembled nanodots of 45 nm over 2” area 
has been achieved. 
This self-assembly technology also offers potential application for low cost 
fabrication of magnetic patterned media, which has long been considered as one of the 
most promising technologies to ultrahigh magnetic data storage density beyond Tera-
bits per square inch. Nanopatterned magnetic films of [Co/Pd]n multilayer and FePt 
alloy have been achieved on self-assembled substrates. Their magnetic and structural 
properties have been studied. Coercivity mechanisms are discussed in term of surface 
roughness and effective magnetic anisotropy. Further processes to fabricate magnetic 
patterned media such as polishing or etching are suggested.  
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Preface  
 
This thesis presented here consists of five chapters. The first chapter is a general 
review of conventional nanofabrication methods and the recently developed self-
assembly nanofabrication technology by ion beam bombardment as well as a brief 
introduction to magnetic patterned media. Chapter Two gives introduction of the 
equipments and the experimental details: the principle of ECR ion beam source and 
the construction of the ion beam system, as well as some characterization equipments 
used, such as AFM (Atomic Force Microscopy) and VSM (Vibrating Sample 
Magnetometer). Chapter Three presents systematic studies of the effects of important 
ion beam parameters on the formation of regular arrays of uniform nanodots. In 
Chapter Four, two examples of the application of the self-assembled nanodots to 
magnetic data storage are presented. The last chapter (Chapter Five) is a summary of 
this thesis. 
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Nomenclature 
Unless otherwise stated, the following abbreviations and symbols are used 
throughout this thesis.  
2D/3D Two-Dimensional / Three-Dimensional  
AFM Atomic Force Microscope 
DC  Direct Current 
DKS Kuramoto-Sivashinsky equation 
DSI Data Storage Institute, Singapore 
ECR Electron-Cyclotron-Resonance 
E-beam Electron beam 
FCT Face-Centered-Tetragonal 
FIB Focussed Ion Beam 
GMR Giant Magnetoresistive 
HCP Hexagonal-Close-Packed 
HRTEM High Resolution Transmission Electron Microscope 
IBS Ion Beam System 
IPA Isopropyl Alcohol 
Ku  Anisotropy constant (J/m3). 
IPC Industrial Personal Computer/ Industrial PC 
LL  Load-Lock 
MFM Magnetic Force Microscopy 
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MOKE Magneto-optical Kerr Effect 
MR Magnetoresistive 
RA  Roughness Average 
RHEED Reflection High Energy Electron Diffraction 
RF  Radio Freqency 
RMS Root-Mean-Square 
RPM Rotation Per Minute 
SEM Scanning Electron Microscope 
SNR Signal-to-Noise Ratio 
SPM Scanning Probe Microscope 
TEM Transmission Electron Microscope 
VSM Vibrating Sample Magnetometer 
XRD X-Ray Diffraction 
X-TEM Cross-sectional Transmission Electron Microscope 
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The first chapter is to introduce some background knowledge to facilitate better 
understanding for the following chapters.  Conventional nanofabrication methods will 
be first reviewed (Section 1.1). The newly developed nanopatterning technology by 
ion beam bombardment will then be introduced and the recent research status will be 
reviewed (Section 1.2). Since the specific application of this self-assembly 
nanopatterning technology in magnetic data storage will be explored in this thesis, 
some background about magnetic recording technology, especially magnetic 
patterned media, will be briefly introduced in this chapter as well (Section 1.3). 
Finally, the significance and motivation of the research work in this thesis and the 
organization of this thesis will also be explained in the last section (Section 1.4). 
1.1 Nanotechnology and nanofabrication methods 
In March of 1959, Richard Feynman challenged his listeners to build “computers 
with wires no wider than 100 atoms, a microscope that could view individual atoms, 
machines that could manipulate atoms 1 by 1, and circuits involving quantized energy 
levels or the interactions of quantized spins.” [12] His visionary and now often-quoted 
talk was the defining moment in nanotechnology, long before appearance of “nano”.  
Nanotechnology may be the beginning of a new era. Nearly every major funding 
agency for science and engineering has announced its own thrust into this field. 
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Some terminology is introduced: 
Nanometer 
One nanometer, 1 nm = 10-9 m, is roughly equal to 5 times of atom diameter. The 
nanometer scale can also be illustrated like that: if the width of a road (~10 m) is 
reduced 100,000 times, we reach the width of a human hair (~0.1 mm = 1 × 10-4 m). If 
we reduce the size of the hair with the same factor, we reach to one nanometer (1 × 
10-4 m). 
Nanotechnology 
Nanotechnology is any application of science dealing with elements between 100 
nm and 0.1 nm where size is critical to performance.  The ability to controllably 
fabricate, manipulate and examine structures at nano-scale can lead to the observation 
of novel physical phenomena. 
The top-down and bottom-up methods are two basic ways of producing nano 
objects. Nanofabrication technology can be categorized as top-down and bottom-up 
methods: 
Top-down approaches 
So-called top-down technology, which begins with pattern generated on larger 
scale and reduces its lateral dimensions before carving out nanostructures.  However, 
such an approach is not the only possibility. 
Bottom-up approaches 
The bottom-up method starts with atoms and molecules and builds up to 
nanostructures. 
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1.1.1 Conventional top-down technologies 
 
Nanotechnology owes its existence to the astonishing development within the 
field of micro electronics. The microstructures are fabricated by manipulating a large 
piece of material, typically a silicon crystal, using processes like lithography, etching, 
and metallization. Two most commonly used lithography technologies are briefly 
introduced here. 
1) Photolithography 
Photolithography, the most frequently used technique in mass-production of 
virtually all microelectronic systems, can be refined to make structures smaller than 
100 nanometers.  The process makes relief image on a substrate based on interaction 
of beams of photons or particles with materials. 
When making structures much smaller than half of the light wavelength, 
diffraction causes the features to blur and meld together. The linewidth of smallest 
structures created in mass production is somewhat narrower than 100 nanometers. 
However, this dimension is still not small enough to make structures for some of the 
most interesting aspects of nanoscience.  In addition, doing so is very difficult, 
expensive and inconvenient. 
2) E-beam lithography and focused ion beam (FIB) lithography 
These technologies are possible for high resolution due to the very small spot size 
of the electrons and ions. However, the uses of them for large-scale manufacturing are 
very expensive and impractical due to slow serial writing process.  
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1.1.2 Bottom-up technologies 
What discussed in last subsection are top-down approaches, because all of them 
start with large blocks of material, which are in some way reduced to nanoscale. But 
top-down methods generally can not make nanostructures over large area cheaply and 
quickly. Nature works the opposite way.  All living things are made atom by atom, 
molecule by molecule; from the small to the large. So researchers have shown 
growing interest in bottom-up methods. These approaches can easily make the 
smallest nanostructures - in dimensions from two to ten nanometers – and do so 
inexpensively.  
There are various bottom-up technologies. Nanoparticles, nanoclusters and 
nanowires of 1-10 nm in diameter can be chemically synthesized using sol-gel, gas 
phase condensation, Chemical Vapor Deposition (CVD), etc. The synthesized nano-
elements may arrange themselves into ordered structures. Ordered nanostructures can 
also be fabricated via physical route, such as self-assembled germanium (Ge) 
nanodots formed on silicon (Si) substrate during epitaxial growth [3]. 
In this thesis, self-assembled nanopatterning by ion beam etching (can be regarded 
as negative “growth”) will be introduced. 
 
1.2 Ion beam induced self-assembly 
Ion beam bombardment induced self-assembly is a newly developed self-
assembly technology. The technology history will be introduced in subsection 1.2.1 
and research status will be reviewed in subsection 1.2.2. 
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1.2.1 Technology history 
Since the first report of ripple structures on glass surfaces by Navez et al.[23], 
periodic height modulation in the form of ripples or wavelike structure has also been 
observed for single crystalline semiconductor materials (Si[7]; Ge[3]; AIII/BVs[20], 
single crystalline metals (Cu[27], and Ag[26]), amorphous materials [22], and others 
(e.g., graphite[18]).  
The underlying mechanism of surface topography evolution during low energy ion 
sputtering was proposed by Bradley and Harper. According to this Bradley-Harper 
model, the origin of this ripple formation can be traced to a surface instability caused 
by the competition between roughening (curvature dependent sputtering also termed 
as negative surface tension) and smoothing (surface diffusion also termed as positive 
surface tension) process[2].  
 By this first linear theory, the ripple wave length is given by the ratio of two 
coefficients, which account for diffusion and sputtering. The resulting wave vector of 
the modulation depends on the incidence angle. As shown in Figure 1-1, if incidence 
angle is larger than a critical value (~ 40-60°), the vector is parallel to the projection 






Figure 1-1: Dependence of the ripple orientation on the angle of incidence θ: (left) orientation for small θ 
and (right) orientation for θ close to π/2.[2] 
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More derivate models were proposed with higher order linear as well as nonlinear 
effects of various physical origins [5, 21].  
In 1999, formation of highly ordered, densely packed semiconductor quantum 
dots by normal incidence ion sputtering was reported by S. Facsko etc in Science[8]. 
This self-assembly formation process was controllable and cost-effective. The ordered 
quantum dots structure has important applications in future optoelectronic and 
quantum devices. Hence, this method has attracted the interest of many research 
groups. 
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1.2.2 Research review  
Besides Data Storage Institute (DSI), there are quite a few other groups working 
on ion beam induced self-assembly nanostructures on semiconductor surface.  
For most groups, Ar+ ion beam with energy ranging from 300~1200eV was 
employed to bombard semiconductor surface for the formation of self-assembly 
nanostructure.  The details of their results from different groups are reviewed.  
1) S. Facsko and his group reported the method to form the quantum dots on 
GaSb(100) surface by ion beam sputtering at normal incidence [8]. The potential 









They focused on normal incidence and on only one kind of substrate----GaSb.  
The cone-shaped nanodots with height to diameter ratio of 1:1 are formed on GaSb 
Figure 1-2: SEM-image of a self-organized nanodot structure on a GaSb (100) 
surface induced by ion bombardment with 420 eV Ar+ ions.[9] 
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(100) by Ar+ ion bombardment. The nanodots are crystalline and covered by an 
amorphous layer of ~2 nm, which is the penetration depth of the low-energy ions into 
the material. As shown in the SEM image (Figure 1-2 [9]), the nanodots are arranged 
in regular hexagonal lattice.  The quantum dot size is controllable with ion energy 
[10].   
Further from the same group [11], amorphous GaSb substrates, besides single 
crystalline substrates, can be used to form the quantum dots. This indicated that the 
formation of the self-assembly nanostructure is not limited to single crystal material.    
2) In Gigo’s study, single crystal Si wafers were used as substrates. Normal 
incidence and off-normal incidence angle (~ 50º), were selected for ion bombardment 
[16]. As shown in the High Resolution Transmission Electron Microscope (HRTEM) 
images (Figure 1-3) of the sample irradiated at normal incidence, dome-shaped nano-
dots (6 -7.5 nm height and 40 - 60 nm width) are formed with hexagonal ordering.  
There is also an amorphous layer of ~2 nm thick on the surface. For the off-normal 
incidence, a larger sawtooth-like rippled surface was formed on Si substrate after 







Figure 1-3: Cross-sectional HRTEM multibeam image along the (110) direction of a sputtered sample:  Ar+ 
ions at 1.2 keV at normal incidence were used. Inset: high-resolution image of one of the nanodots.[16] 
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3) Frost and his group performed detailed studies on another III-V compound 
semiconductor: InP as well as GaSb. The topography evolution under oblique with 







As shown in Figure 1-4, oblique incidence ion beam bombardment also can create 
self-assembled nanodots on rotating GaSb substrate. Furthermore, the nanodots 
exhibit smaller size (dots height and wavelength).       
On the InP substrate, as shown in the AFM images (Figure 1-5), quantum dots can 
be formed in hexagonal ordering under ion beam bombardment. When ion beam is 
tilted from normal direction, the nanodots become smaller and the ordering becomes 
poorer.  
Frost also reported that when the substrate temperature and incidence angle 
changed, the quantum dots ordering would change a little accordingly.  
 
Figure 1-4: AFM images of Ar+-sputtered GaSb surfaces at two different sputter regimes: a 40-
min normal-incidence sputtering and b 90-min sputtering with an ion incidence αion = 80°. 
Please note the different height scale for both images.[14] 
  Chapter One 













4) Beside the experimental studies, mechanism and theory behind ion beam 
bombardment induced self-assembly phenomenon were developed in the same time.  
Paniconi and Elde had conducted an extended numerical analysis of the long-time 
behavior of the two-dimensional (2D) damped Kuramoto-Sivashinsky (DKS) 
equation.  They published a stationary hexagonal ordered solution in the long-time 
limit.   The solution has a striking resemblance with the dot patterns obtained by ion 
sputtering. [24] 
Figure 1-5: AFM images of Ar+ sputtered InP surfaces (Eion = 500 eV) at an incidence angle of 
(a) θ=10°, (b) θ=30°, (c) θ=70° and (d) θ=80°.[13] 
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The surface morphology evolution, during the erosion by ion beam sputtering 
under normal incidence, was applied to the DKS equation.   As a result, the surface 
height function h(x, y, t) can be described by a partial differential equation: 
          [24] 
with x and y lying in the surface plane, υ0 the average erosion velocity,  ν the 
negative effective surface tension and D a positive constant describing the surface 
diffusion and λ the non-linear coefficient expressing the angle dependence of the 
erosion rate. 
The term proportional to the second spatial derivative of the height profile 
describes the curvature dependence of the sputter process and is responsible for the 
amplification of surface modulations. Terms proportional to the fourth spatial 
derivative of the height profile are commonly identified as surface diffusion terms, 
containing ion induced diffusion, thermal diffusion processes, and surface viscous 
flow. The competition between these two terms determines the morphological 
structure created. In analysis of the Fourier transformation of the linear form of the 
equation, one can determine a characteristic wavelength                           , which is 
amplified during the sputter process. 
The two-dimensional damped Kuramoto-Sivashinsky equation explains quite 
successfully the formation of hexagonally ordered dot patterns on semiconductor 
surfaces during ion erosion at normal incidence. 
5) The research of our group is on the demonstration of wafer level 
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1.3 Magnetic recording and patterned media technology 
1.3.1 Magnetic recording density and physical limitation 
 Since IBM built up the first magnetic hard disk drive in 1956, the magnetic data 
recording became an import part of modem computer and was developed rapidly. 
Especially since the introduction of several technologies during late 1990s (such as 
MR and GMR head), the areal density of hard disk drives was almost doubled every 






Figure 1-6: Areal density trend[17] for hard disk drive 
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Current magnetic disk drives are based on continuous magnetic thin films with 
granular microstructures. As demonstrated in Figure 1-7, data is stored as alternating 
magnetic orientations.  Each bit consists of many grains. The performance of the 
media is limited by noise originating from the granular microstructure of the thin film.  
The grain number in one bit should be larger than one certain number (~ 100) to keep 












The increase of areal density (smaller bit size) had normally been achieved by 
scaling down the read-write head, media thickness, head-media spacing and 
increasing coercivity.  However, the scaling rule can not be unlimited.  
Figure 1-7: Scheme for magnetic recording in present commercial hard disk driver 
GMR Head  
Magnetic film 
Granular microstructure 
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With growth of the areal density, the resulting smaller grain volume makes them 
increasingly susceptible to thermal fluctuations. Data could be lost for smaller grain 
size (< 6-8 nm for Co based material particles). The thermal instability problem set 
the final limitation of the magnetic recording. This is known as “superparamagnetic 
effect”. 
Magnetic patterned media is considered as one of the approaches to break through 
the superparamagnetic limit for ultra-high data storage density. 
 
1.3.2 Magnetic pattered media technology 
 A patterned media consists of a regular array of magnetic elements; each of the 
elements should have uniaxial magnetic anisotropy. The easy axis can be oriented 






The size of each pattern is larger than the critical size for thermal stable size. This 
can allow a smaller bit size and therefore higher area density. Simulation modeling 
suggested that the extension of magnetic recording to beyond 1Tb/ in2 should be 
possible by using patterned media technology[19]. 
Figure 1-8: (a) A patterned medium with in-plane magnetization: the single-domain bits are defined 
lithographically with period p. (b) A patterned medium with perpendicular magnetization[25]. 
  Chapter One 
 National University of Singapore 15
1.3.3 Patterned media fabrication challenges 
So far, the main challenge is low cost fabrication of patterned magnetic media. 
Various nanotechnologies, as mentioned in previous section, have been employed to 
fabricate patterned media. 
E-beam lithography and focused ion beam (FIB) lithography have been 
demonstrated the capability of fabricating magnetic nanopatterns (bit) as small as ~ 
30-40 nm. However, they are not suitable for mass production due to the time-
consuming process. Other nanolithography technology, such as X-ray lithography or 
nanoimprint lithography is either expensive or not well tested. 
Recently, self-assembly technology has been used to fabricate magnetic patterned 
media due to low cost fabrication over large area. One example is the self-assembled 
FePt nanoparticles by chemical synthesis [29]. 
As a newly developed self-assembly technology, ion beam bombardment induced 
self-assembly technology will be used to form periodic magnetic nanostructures, in an 
effort to fabricate an ultrahigh density magnetic storage medium in an area as large as 
several inches in diameter or even larger without the use of prepatterned masks or 
molds[4]. This technique was believed to possess potential application for future 
magnetic storage media technology. 
1.4 Motivation and organization of the thesis 
This thesis is to carry out systematic studies on the formation of self-assembled 
nanodots by ion beam bombardment on a home-designed ECR ion beam system. 
Unlike previous work done by other groups (who obtained self-assembled nanodots 
using an ion beam source with small ion beam size), the uniformity over wafer level 
will be performed on the 120 mm ECR ion source. 
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Furthermore, the application of the nanopattern to magnetic data storage 
technology will be explored in an effort to fabricate magnetic patterned media on the 
prepatterned substrate through pattern transfer process. 
The following chapters of this thesis are organized in following sequence: 1) 
Chapter 2, experimental equipment; 2) Chapter 3, nanofabrication process and 
optimization; 3) Chapter 4, application to magnetic data storage technology; 4) 
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This chapter gives a brief introduction of experimental apparatus, including 
sample fabrication equipment and measurement instruments used for the research 
work. The nanopatterned samples were prepared using an Electron-Cyclotron-
Resonance (ECR) ion beam source of a home designed Ion Beam System. In the first 
part of this chapter (Section 2.1), the principle of ECR ion beam source, important ion 
beam parameters and the construction of the ion beam system will be presented. Then 
in the second part (Section 2.2), we will introduce some related measurement 
instruments used in this study, such as atomic force microscopy (AFM), magnetic 
force microscopy (MFM), and vibrating sample magnetometer (VSM).  
 
2.1 Ion beam Source and system 
The home-designed ion beam system used for sample fabrication is shown in 
Figure 2-1. It was made by Roth & Rau AG Plasma and Surface Technology, 
Germany.  The main chamber is shown in the center of this picture, with a load-lock 
chamber on the right and two control cabinets on the left. The ECR ion beam source 
used to fabricate large area self-assembled nanodots in this study is installed inside 
the main chamber. To facilitate better understanding of the other chapters of this 
thesis, some introduction of the principle of the ECR ion beam source is given in 
Subsection 2.1.1, followed by description of important ion beam parameters and the 
construction of the ion beam system in Subsection 2.1.2 and Subsection 2.1.3. 
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2.1.1 Electron-Cyclotron-Resonance (ECR) ion source 
ECR stands for Electron-Cyclotron-Resonance. It is an electron accelerating 
method for the formation of plasma. Generally, plasma is generated in low pressure 
range by electron impact at gas atoms. The high energetic electrons are accelerated in 
an field such as DC, RF, or Microwave.  Plasma / ion beam sources can be defined by 
the methods of accelerating: Kaufman source, Radio Frequency source and 
Microwave source, respectively.   The broad ECR ion beam source used in this study 
belongs to the microwave source. For ion beam sources, only ions with positive 
charges are extracted from the plasma chamber by applying a negative potential. 
The advantages of ECR source 
Microwave source has advantages of high density plasma (1010 to 1012 cm-3) and 
beam current, low grid sputter rate, very low plasma sheath potentials, good 
uniformity and stabilization.  It is suitable for continuous operation.   
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Figure 2-2 shows a schematic of a typical ECR plasma chamber.  The base flange 
and ceramics lining form a vessel, confining the space for plasma. Before the 
production of plasma, work gas (such as argon, oxygen, C2H4) is filled to the vessel 
(plasma chamber).  A static magnetic field is produced by permanent magnets and 
iron yoke.  The stub antenna produces tunable electric fields.  Electrons are 
accelerated on the resonance region by the static magnetic field and the electric field.  
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Because of the cyclotron resonance, the gyrating electrons rotate in the phase with the 
right hand polarized wave, seeing a steady electric field over many gyro orbits.  With 
the electron mean free path large enough, the ECR heating provides for the most 
effective energy transfer, very low plasma sheath potentials, and low source erosion 
rates.  Ions are excited in the vessel and directed by the screen grid and voltage 
between auxiliary anode and accelerator grid.  
 









Figure 2-3 shows the potential diagram that ions pass through.  The ions are 
attracted out by the applied voltage, which determines ion beam energy. The 
boundary of ion beam is defined by the size of Mo or graphite grids.  The beam 
current and beam current density increase with either beam voltage or accelerating 
voltage. Figure 2-4 shows ion beam current (a) and beam current density (b) as a 
Figure 2-3: Potential Diagram of the ECR ion beam source 
Substrate 
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function of accelerating voltage for different beam voltage form 100 to 1200 volts for 
the ion beam source used in our experiments.  Each point here indicates one couple of 
conditions: accelerator voltage and beam voltage.  We normally collect this monthly 
or after main chamber opening. Figure 2-5 re-plots the output ion beam current and 
beam current density as a function of the sum of the beam voltage and accelerator 
voltage.  The ion beam current density shows a different trend with beam current. 













Figure 2-4: The ion beam current (a) and the beam current density (b) as a function of accelerator 
voltage (From 100V to 1000V) with varies beam voltage(From 100V to 1200V) 
Figure 2-5: Ion beam current and current density as a function of beam 
voltage and accelerating voltage 
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2.1.2 Important ion beam parameters 
The important ion beam parameters include the ion species (of mass), its energy Ei, 
the incident angle θ (from the surface normal), the dose φ and the flux (or ion beam 
current density) ib or φ/t.   
Intrinsic parameters 
The interaction of ion beam with solids depends on the energy, the mass and the 
charge of the incident ion. Ion species and ion energy are the intrinsic parameters.   
At the energy level of several hundreds of eV to ~ 1 keV with heavy ions 
(normally rare gas ions such as argon), ion beam can remove a very thin layer of 
materials from the near surface region. It is often used for sputter etching and sputter 
deposition. In this study, argon ions (Ar+) in the range of 300~1000eV were used to 
induce self-assembly nanostructures (due to combined effects of sputter etching and 
surface diffusion) on semiconductor surfaces by ion beam bombardment.  
Extrinsic parameters 
The extrinsic parameters, the dose, the flux and the temperature are also 
significant in determining the physical properties of the bombarded substrate. 
The ion dose is the total number of ions incident per unit area of the target 
material (often in unit of ions/cm2).  For low-energy heavy ion bombardment, the 
topographic properties are sensitive to the ion dose. As shown in next chapter, the 
surface roughness and the nanodot size of the ion bombarded nanopatterning surface 
is proportional to the ion dose till a saturated dose (~ 5 × 1016 ions / cm2 for GaSb sub 
strate).  
Flux (dose rate) is often expressed in terms of beam current density in unit of 
µA/cm2.  It is a parameter for how fast the ions come out of the ion beam source. 
Dose rate of several hundreds uA/cm2 are needed to achieve high dose bombardment 
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within reasonable times.  Small flux means a slow arrival rate of the ions at the 
surface. 
For a system without effective cooling, large flux would lead to a high substrate 
temperature (to be discussed in next chapter). The temperature of the substrate would 
rise during ion bombardment because of the beam heating, the high power injection or 
surface loading into the target by the ion beam. The substrate temperature can affect 
the diffusion rate of atoms, and therefore affect the formation of the nanostructure.   
2.1.3 The construction and subsystems of the ion beam system 
The ion beam system is installed in a clean room (class:  100). This sub-section 
describes the construction of the Ion Beam System.  Figure 2-6 shows a schematic 









Figure 2-6: Scheme of Construction of Ion Beam Processing System (insert: overview of whole system) 
A: Main chamber, B: Substrate holder, C: ECR ion beam source, D: Load-lock, 
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There are 3 parts:  
Main chamber 
 The cubic main chamber is placed in the middle of the whole system.  A substrate 
platform (in the chamber center), where the substrate carrier is locked by clamps for 
processing, can be tilted (0-180°) and rotated (up to 30 RPM). The substrate carrier is 
cooled by a flux (10-20sccm) of Helium gas through the heat transfer between back 
surface of the substrate carrier and the cooling head surface of the substrate platform.  
The ECR ion beam source, RF ion beam source and E-beam evaporation source are 
assembled in the main chamber and are oriented to the center point of the substrate 
platform.  Each ion beam source is armed with a hot filament neutralizer and a shutter. 
There is also a shutter for e-beam source. There are spare ports for further upgrading 
such as installation of RHEED system. 
Load-lock  
The load-lock (LL) chamber is connected with main chamber on right side. The 
LL chamber enables the loading and unloading of the process chamber without 
venting of the main chamber. PC controlled, the substrate carrier can be transferred to 
the main chamber through the movement of a manipulator fork, and then placed on 
the substrate platform for subsequent processing. 
Control cabinets 
On the left side of main chamber, there are the main control cabinet and auxiliary 
cabinet including the following control elements and devices: i) Industrial Personal 
Computer (IPC), ii) Microwave Generator, iii) RF generator, iv) DC power supplies 
for  ion beam source and plasma bridge neutralizers, v) power supply units for  e-
beam gun. 
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There are also following subsystems. 
System control 
The system is fully controlled by the Industrial PC (IPC) in the control-cabinet. 
There are automatic technology programs, which facilitate easy operations for testing 
or sample fabricating. With the assistance of sensors, programmable protocol is used 
to avoid most mistakes in operation and protect itself when error occurs.   
Vacuum subsystem  
The vacuum of the whole system is achieved by two turbo-molecular pumps 
connected with the main chamber and load-lock, respectively. A substrate sample 
(whole wafer or small piece in any shape) is held on a stainless steel substrate carrier, 
which can be loaded to and unloaded from the main chamber.  The substrate carrier 
with the substrate is first placed in the load-lock, which is evacuated typically below 
5×10-5 Torr (maximal 2×10-7 Torr); then it is transferred to the main chamber, where 
the base pressure is normally kept better than 5×10-8 Torr. 
Gas subsystem 
There are 3 gas lines for Ar, O2 and carbon-based gas, which are working gases 
for the ion beam sources as well as the neutralizers. There is another gas line for 
Helium gas used for substrate cooling.  The gas flow is regulated by mass flow 
controllers and gas valves.  The use of mixed gases such as any percentage of Ar and 
O2 is possible by choosing various gas flux ratio.  In order to meet the safety 
requirements and to ensure the purity of the assigned gases, all gas lines are made of 
chemically steady stainless steel with a surface roughness Ra ≤ 1 µm. 
Cooling water subsystem 
The cooling water (18°C) is circulating from a chiller through main chamber wall, 
main turbo-pump, ECR ion beam source, RF ion beam source, e-beam source and 
substrate holder cooling head and back to chiller. 
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2.2 Characterization Instruments 
This section presents brief introductions of the instruments used in our 
experiments for characterization. There are many instruments used for different kinds 
of measurements.  Only three of them: atomic force microscope (AFM), magnetic 
force microscopy (MFM) and vibrating sample magnetometer (VSM) are introduced 
in the next subsections.   
2.2.1 Atomic Force Microscopy (AFM) 
AFM was used in this study to characterize the morphology of the bombarded 
surfaces and grain size, arrangement and uniformity of self-assembled nanodots. 
 
Introduction 
Atomic force microscopy (AFM), invented in 1986[1] was introduced to 
overcome the limitation of the Scanning Tunneling Microscopy (STM) which requires 
a conductive sample.  AFM, often operated under non-vacuum conditions, can be 
used to study insulators, semiconductors and electrical conductors.  Figure 2-7 shows 
the Scanning Probe Microscope (SPM, DimensionTM 3000, Digital Instruments, Santa 
Barbara, California) used in our laboratory. It has both AFM and magnetic force 
microscopy (MFM) functions. The AFM system is comprised of two main 
components: i) the scanner; ii) the AFM detection system. 
The principle of AFM 
AFM probes the surface of a sample with a tiny tip. The tip is located at the free 
end of a flexible cantilever.   The interactions between the tip and the sample surface 
cause the cantilever to bend (deflect) or change of resonance characteristics. There are 
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several AFM modes including contact mode, non-contact mode and tapping mode to 



















Figure 2-7: (a) DimensionTM 3000 SPM and (b) schematic of microscope head 
(a) 
Laser Spot Detector Screen 
Position Sensitive Detector 
(special photo diode) 
Beam splitter 
(behind screen) 













Probe Tip Holder 
(b) 
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Contact mode 
 In the contact regime, the cantilever is kept less than a few angstroms from the 
sample surface, and the inter-atomic force between the cantilever and the sample is 
repulsive.  
As illustrated in Figure 2-7 (b), a laser beam from the laser diode is reflected from 
the back of the cantilever, through a set of mirror apparatus, into a position sensitive 
photodiode detector.  When the tip is scanned over the sample or the sample is 
scanned under the tip, the cantilever bends by the effect of the surface morphology.  
The position of the laser beam on the detector shifts with the ability to measure a 
displacement as small as 10 angstroms.  The ratio of the path length between the 
cantilever and the detector to the length of the cantilever itself produces a mechanical 
amplification (~100×).  As a result, the system can detect sub-angstrom vertical 
movement of the cantilever tip. 
Only with an unusually sharp tip and flat sample is the lateral resolution truly 
atomic; normally the lateral resolution of AFM is limited by the tip size. 
Tapping mode AFM 
Unlike traditional contact AFM, the feedback loop keeps a vibrating cantilever at 
constant amplitude, rather than keeping a cantilever at a constant deflection.  The tip 
on the cantilever is modulated through mechanical excitation at its resonance.  As 
demonstrated in Figure 2-8, the laser beam is reflected off the cantilever and on to a 
photodiode array in the end.  The laser spot oscillates vertically across the array as a 
result of the vibrating cantilever. The signal from the photodiodes is rectified, and 
then lowpass filtered into a DC voltage (RMS amplitude).   The magnitude of RMS 
amplitude is proportional to the amount of cantilever motion.  
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There is a RMS voltage when the tip is far away from sample surface, named as 
RMS0.  The engagement of tapping mode AFM requires a setpoint voltage be smaller 
than the RMS0 voltage.   The feedback system compares the RMS amplitude to the 
setpoint voltage.  The two voltages are kept equal by controlling the amount of 
cantilever movement.  The sample surface is in close proximity to the cantilever.  The 
distance is such that the tip touches the surface only at the lowest point of its 
oscillation.  The RMS voltage is reduced to the setpoint voltage by the feedback loop 
moving the tip into the sample.  The sample restricts the cantilever movement until 
the desired RMS voltage is reached.  The damping of the cantilever is held constant 
by moving the tip in Z as it is simultaneously translated in X and Y.  An AFM image 
is obtained with a map of Z(X, Y) of tip height Z versus its lateral position (X, Y).   
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As compared with contact mode, one advantage of tapping mode AFM is an 
absence of lateral forces which exert torque on the cantilever. Thus tapping mode 
AFM can obtain higher lateral resolution on most samples.  Another advantage is 
lower forces and less damage to soft samples imaged in air.  All AFM images of the 
samples in this study were obtained by tapping mode AFM, 
2.2.2 Magnetic Force Microscopy (MFM) 
One difference between MFM and AFM is that, for MFM, the tip is coated with a 
ferromagnetic thin film. MFM measures magnetic force gradient distribution above a 
sample surface. Lift mode and phase detection are used for DI Dimension 3000 SPM. 
Lift mode 
To reduce topography effects on magnetic imaging, lift mode is used in the MFM 
measurement. As illustrated in Figure 2-9, the tip first scans the surface closely in the 
region where standard tapping-mode AFM is operated.  The surface topography is 
imaged.  Then the tip passes through the surface for the second time with a lift height. 
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Phase detection 
The phase detection uses the dependence of the phase shift of the vibrating 
cantilever on the frequency. The presence of a nonzero magnetic field derivative leads 
to displacement of the resonant peak. As a result phase shift between oscillation of the 
cantilever and the piezoelectric actuator will be changed. The map of the phase shift 
distribution is converted to magnetic contrast image.  
 
2.2.3 Vibrating Sample Magnetometer (VSM) 
Magnetic hysteresis loops were measured at room temperature, using a Vibrating 
Sample Magnetometer (VSM, Model 880, DMS) as shown in the left part of Figure 












Figure 2-10: Model 880, Digital Measurement Systems (DMS) 
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As illustrated in right part of Figure 2-10, the sample is mounted at the end of a 
rigid rod attached to a mechanical resonator, which oscillates the sample at a fixed 
frequency.  The movement of the sample in the applied magnetic field alters the 
magnetic flux through the pick-up coils, which, according to Faraday’s law of 
magnetic induction, causes an induction voltage in the coils that is proportional to the 
magnetization of the sample. The in-plane state corresponds to the sample surface 
parallel to the direction of the applied field, whereas the out-of-plane state 
corresponds to the sample surface normal to the applied field.  
Care was taken for instrumental calibration with a standard nickel specimen of 
known magnetization so as to ensure the measurement being accurate. The typical 
sample size is 8mm×8mm. The saturation magnetization Ms, residual magnetization 
Mr, and coercivity Hc are determined from a measured hysteresis loop, which is 











Figure 2-11: Magnetic hysteresis loop 
 (Plot of magnetization M versus applied field H).  
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Chapter 3 
Large area self-assembled nanopatterns by ion beam 
bombardment and fabrication process optimization 
 
The fabrication of the self-assembled nanostructure and optimization for better 
uniformity and ordered arrangement of nanodots are described in this chapter.  The 
experimental procedures, including substrate preparation and ion beam treatment with 
an ECR broad ion beam source of our home designed ion beam system, are first 
described in the Section 3.1.  The results of ion beam bombardment induced 
nanostructures and the important factors in the formation of nanostructures, such as 
substrate temperature, ion beam dose, beam voltage (ion energy), and beam current 
density, are presented in the second part (Section 3.2). Finally, regularly-arranged and 
uniform-sized nanopatterns over 2” wafer large area by ion beam bombardment with 
optimized conditions is demonstrated in Section 3.3.  
3.1 Fabrication procedures 
3.1.1 Substrates, substrate carriers and substrate cooling system 
Substrates 
The substrates used are commercial GaSb (100) single crystal wafers from. The 
specifications are listed in Table 3-I. 
 
 
Table 3-I: Substrate specifications 
Wafer source Diameter Thickness(um) Orientation Surface polishing Doping
CrysTec(Ggermany) 2 " 450±15 (100) Epi-ready (Ra~1nm) Un-doped p-type
SWI(Taiwan) 2 " 450-500 (100) Epi-ready (Ra~1nm) Un-doped p-type
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The wafers are one side Epi-ready polished, with surface roughness of ~ 1 nm by 
AFM measurements.  Small pieces of substrates (typical size: ~ 10mm×5mm), cut 
from a whole wafer (as described in Appendix A), were used for most of the 
experiments, except uniformity experiments in Section 3.3. Isopropyl alcohol (IPA) 
and nitrogen were used to clean and dry the surfaces of cut substrates. 
Substrate carriers 
Substrate carriers were used to hold the substrates for easy transport of the 
substrate / sample from (or to) load-lock chamber to (or from) main process chamber 
as well as tilting and rotating operation by the control of substrate holder/ platform in 
the central position of the main chamber. 
There are different types of substrate carriers for different substrate sizes (from 
small cut substrate to whole wafer) and shapes (such as disk shape with or without 
central hole).  Figure 3-1 shows the structures of Type A and Type B substrate 













Type B Type A 
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1) Type A substrate carrier 
Type A substrate carrier is made up of a whole piece of stainless steel (upper one 
on Figure 3-1). The small cut substrates can be clamped (by spring and screw) or 
pasted (by tape or vacuum grease) onto the top surface of the substrate carrier for later 
process. As to be demonstrated later, the substrate cooling is not as effective as Type 
B substrate carrier due to its larger mass and poorer heat exchange capability. 
To test the cooling effect, a thermoelectric couple was used to measure substrate 
temperature.  Ions with energy of 800 eV were used to simulate the worst situations. 
Temperature evolution with helium gas cooling, were illustrated in Figure 3-2. The 
substrate temperature increases to 150°C rapidly, then slowly increases above 230°C 







2) Type B substrate carrier 
Type B carrier, including a top plate and bottom plate, is originally designed for 
whole wafer operation. The whole wafer can be easily clamped between the 2 plates 
by screws without the need of the use of vacuum grease as paste (lower one on the 
Figure 3-1). Small cut substrates can also be pasted to the clamped wafer as an 
Figure 3-2: Temperature evolution on substrate holder during 800eV ion 
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additional part of carrier, which can be cooled by the Helium gas. As demonstrated 
experimentally later, substrate cooling with Type B substrate carrier is more effective 
than Type A carrier. 
Vacuum grease was normally used as the paste to provide a good contact between 
a small cut substrate and a substrate carrier (for type A) or a clamped wafer (for type 
B). The grease should fill most of the area between the back of substrate and the 
substrate carrier surface. However, the grease exposed on ion beam may introduce 
contaminate to the substrate surface. Therefore, the chip should be pasted carefully. 
Substrate cooling system 
In our home-designed ion beam system, the substrate carrier was transferred from 
load-lock to main chamber, and has freedom to rotate (0~30rpm) and tilt (0~180º).  
Cooling head is fixed inside the platform, and can not rotate with substrate carrier.  
The carrier is placed on the platform (as shown in Figure 3-3). The gap between 
holder and platform is filled with a helium flux to form a helium cushion for substrate 
cooling.   






Figure 3-3:  Substrate cooling system: The platform is connected with cooling water. Helium is filled 
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3.1.2 Ion beam treatment 
Before ion beam processing, the substrate carrier with attached substrate was 
placed on the fork of automatically-controlled manipulator in the load-lock chamber, 
which is evacuated to a vacuum level below 10-4 Torr before sample transfer to the 
main chamber. The substrate as well as the substrate carrier is then transferred to the 
main chamber by the manipulator and mounted on the substrate holder/ platform in 
the main chamber, where the base pressure are typically better than 10-7 Torr. 
The following are some settings of gas flow, ion beam source and technology 
parameters for ion beam bombardment.  
1) Working gas 
There are several gas lines for different gases, such as Ar2, O2, Carbon containing 
gas (e.g., C2H4), N2 (for venting) and He (for substrate/ substrate carrier cooling). In 
this study, Ar gas (>99.99%) was used for the formation of self-assembled 
nanostructures. Gas flow can be set from 0 to 20 sccm.  Typical gas flows for ECR 
ion beam source and neutralizer are 10 sccm and 4.5 sccm, respectively.   
2) ECR ion source parameter settings 
The ion energy is determined by the setting of beam voltage (0-1200 V). The 
beam current density as well as the beam geometry (such as beam current density 
uniformity, collimination, etc.) can be controlled by the combined setting of the 
accelerating voltage (0-1000 V) as well as the source grating and the gas flow rate / 
working pressure (typically of 10-4 -10-5 Torr). 
Neutralizer current was set to be typically of 1-1.5 times as high as beam current 
to neutralize the positive charges and current on the substrate surface. The regulation 
of ECR microwave power was normally used to keep a stable beam current / density 
during bombardment. 
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3) Bombardment duration setting 
Ion dosage is determined by the bombardment time / duration. To keep a constant 
beam current density/ beam current density during ion beam process, a stabilization 
time of ~2 minutes was given to ion beam source before the shutter open for ion 
bombardment onto the substrate.  
All settings can be edited and stored as a recipe with a specific name. That can be 
loaded and run repeatedly.   
After ion beam treatment, the sample was transferred back to load-lock chamber, 
and then taken out from the load-lock chamber, and cleaned (the vacuum grease on 
backside) and dried by the use of isopropyl alcohol (IPA), and nitrogen. The cleaning 
was used to obtain clean surfaces for better measurement.  
3.2 Results 
3.2.1 Substrate temperature effect 
Substrate temperature is important because it is proportional to the surface atoms 
mobility.  Higher temperature leads to easier atom motion, which generally leads to 
smoothing surface.  The substrate temperature can be affected by the cooling system, 
specific types of substrate holders, and ion beam parameters.   
Substrate cooling effect 
As mentioned, good contact (the use of vacuum grease as paste) and effective 
cooling (the use of type B carrier) will allow better cooling to substrate under ion 
beam process. This will therefore affect the substrate temperature and surface 
diffusion, and finally the surface morphology and the formation of self-assembled 
nanostructure, as shown in the following experiment. 
  Chapter Three 
 National University of Singapore 39
Two samples were fabricated with same conditions on type B carrier, except 
different pasting methods, by vacuum grease and tape, respectively.  Ar+ ions with 
energy of 450 eV (typical energy) and flux ≈ 3 × 1015 cm-2s-1 at normal incidence were 
used to create dot structures on GaSb. Surface topography was characterized by AFM.  
The results comparison was presented in Figure 3-4.  As shown in the figure 3-4 (a), 
the sample with tape (without grease) may have close dot size and dot height; but 
higher dot density, worse dot arrangement(from 2D-correlation) and size uniformity 
than the sample with vacuum grease.   Hence, on the following experiments, 









Other substrate temperature effects 
On bombardment, the ions lead to intense heating of the substrate at the point of 
impact. Ion energy, flux, and sputtering duration can influence the substrate 
temperature.  They will be discussed in the following sections.  
Figure 3-4: AFM images of the samples bombarded by Ar+ with energy of 450eV and flux of 
3×1015 cm-2s-1, with type B substrate carrier,(a) with grease; (b) with tape(without grease). 
400nm 400nm
 (b)With tape 
100nm 100nm
 (a) With grease 
Related 2D correlation Related 2D correlation
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3.2.2 Dose effect 
In this subsection, the investigation of the evolution of nanodots with dosage (or 
bombardment duration) is presented.  The GaSb (100) substrates were bombarded by 
450 eV Ar+ ions with a fixed flux 4.5 × 1015 cm-2s-1 (0.72mA/cm2).  The samples with 













As indicated in Figure 3-5 (a), very small grains are formed after only 10 sec 
bombardment (4.4×1016 ions / cm2).  However, grains are not well-separated from 
each other and no regular arrangement of grains is found.  Grain was found to grow in 
size continuously with ion beam dose. In Figure 3-5 (b) for bombardment of 50s, 
Figure 3-5: Typical AFM images of the bombarded surfaces with varied duration:     
a) bombarded 10 sec, the Z scale is 11nm; b) bombarded 50 sec, the Z scale is 25nm;     c) 
bombarded 600 sec, the Z scale is 11nm; d) bombarded 1800 sec, the Z scale is 75nm. 
100nm
(b) 50s; z=25nm 
100nm
(c) 600s; z=70nm 
100nm
(d) 1800s; z=75nm 
100nm (a) 10s; z=11nm 
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somewhat separated grains or nanodots were formed but their arrangement is still not 
in regular arrays.  After bombardment for several minutes, the growth of the nanodots 
size became slow and saturate at dose of 5×1018 ions / cm2.  As shown in (c) and (d), 
uniform-sized nanodots of ~40nm in diameter are arranged in hexagon lattice with 
lattice constant of ~50 nm.   The tolerance of the self-ordered or self-assembled 








Surface roughness (Ra) as a function of bombardment time or ion dose is shown 
in Figure 3-6.  It can be seen that roughness increased rapidly in the initial stage. After 
~ 5 minutes bombardment (Dose = 2.7×1018 ions/cm2), the increase in surface 
roughness is slowed down gradually. Then surface roughness is almost saturated 
when the dosage was larger than 5×1018 ions/cm2.   
 
3.2.3 Ion energy effect 
With higher energy, ions can penetrate deeper into substrate and dissipate their 
energy further into the sub-surface.  Ion energy is dependent on applied beam voltage. 
Figure 3-6: Roughness as a function of ion dose 
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As mentioned previously (subsection 2.1.1), ion beam current density is also 
related with beam voltage as well as the accelerating voltage since the beam geometry 
such uniformity and collimination of the beam will be affected by the accelerating 
voltage.  We cannot change ion energy only without change of the other two 
parameters (beam voltage and accelerating voltage). In order to study ion energy 
effect on the formation of self assembled nanodots, two cases (with fixed accelerating 
voltage and fixed ion beam current density) are considered separately.  
1) With fixed ion beam current 
Two series samples, with different beam current density of 0.55mA/cm2 and 
0.7mA/cm2, were fabricated by varied beam voltage from 200V to 600V.  The sputter 








Figure 3-7 shows the topography of Ar+ bombarded GsSb surface at different 
beam voltage and beam current density.  In each series with the same beam current 
Figure 3-7: AFM images of GaSb surface (500nm×500nm) bombarded with Ar+ ions at the same 
dosage (5.25×1018 ions/cm2). The beam current density applied on upper and lower row samples were 
0.55mA/cm2 and 0.70mA/cm2 respectively.  Z is the images height scale.  In each row, images are 
listed accordingly 
100nm

























Ub=200V Ub=400V Ub=600V 
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density, the dot size increased with beam voltage. The series with higher beam current 







Surface roughness (Ra) can be obtained from the AFM images.  This parameter is 
indicative of the relative height of nanodots.  The roughness, as exponential function 
of beam voltage, is shown in Figure 3-8.  The roughness of samples bombarded by 
ion beam with higher beam current density increase more rapidly than that of the 
samples with lower beam current density.   
For further understanding, a parameter, power density, is introduced as the 
product of ion energy and ion beam density. The power density indicates how much 
energy (in unit area per second) is transferred from the ion beam to the sample surface.  
One effect of this energy is surface heating. Substrate temperature may be changed 
due to this heating effect.  
Figure 3-9 shows the roughness vs. power density. For lower power density from 
100~300 eV×mA/cm2, two curves were almost in superposition.  
Figure 3-8: Surface roughness obtained from the AFM images of two 
series samples with different beam voltage (from 200V to 600V) and 
ion beam current density (0.55mA/cm2 and 0.70mA/cm2). 
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2) With fixed accelerating voltage 
In this study, the accelerating voltage is fixed for each series. Since the beam 
current density is also changed as the beam voltage (ion energy) is changed, the 
bombardment duration (time) has to be changed accordingly to keep the ion dose 




For the series with a fixed accelerating voltage of 200 V, nanodots appeared on 
every sample surface (as shown in Figure 3-10) for beam voltage from 300 to 500 V. 
The dot size slightly increases with the beam voltage. Samples with higher beam 
Figure 3-9: Roughness of self-assembled surface by ion beam 
bombardment as a function of power density 
Figure 3-10: AFM images (500×500nm) of GaSb surface bombarded with same accelerating voltage 200V. 
The beam voltages of each sample were varied from 300V to 500V, As marked on the top of the images,     (a) 
300V, z=20nm, (b) 400V; z=29nm, (c) 450V; z=39nm; (d) 500V; Z=54nm 

























(a) 300V; z=20nm 
100nm
(b) 400V; z=29nm 
100nm
(d) 500V; z=54nm 
100nm
(c) 450V; z=39nm 
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voltage of ≥600V (not shown) exhibit a smooth surface. The roughness of the sample 
surface is only 0.81nm, much less than other samples in this series. This is attributed 
to significantly increased substrate temperature for higher ion beam energy. More 







The roughness, as shown in Figure 3-11(a), increases almost linearly when the 
beam voltage < 450V.  However with further increase of the beam voltage, the 
roughness increases rapidly. The phenomenon is more obviously for another series of 
samples with higher accelerating voltage of 400 V (as shown in Figure 3-11(b)).  
Next, we discuss the mechanisms about the morphology evolution with the ion 
beam bombardment. There are two competing mechanisms: 1) surface roughening 
due to ion beam sputtering; 2) smoothening due to surface diffusion. 
With lower substrate temperature (typically < 150-200°C) (e.g., lower ion beam 
energy, lower beam current density or flux rate as well as effective substrate cooling), 
surface roughening is dominant; With higher substrate temperature (e.g., higher ion 
Figure 3-11: Surface roughness obtained from AFM images of two series of samples as a function 
with beam voltage. (a) Fixed accelerating voltage 200V. (b) Fixed accelerating voltage 400V. It 
seems there is an inflexion that roughness rolls down after that. The gray area here and following 
figures indicates where the potencial switching point 

























  Chapter Three 
 National University of Singapore 46
beam energy, higher beam current density or flux rate as well as poor substrate 
cooling due to poor contact between the substrate and the substrate carrier or less 
effective heat exchange of large mass substrate carrier, as previously described), the 
smoothening effect is more pronounced. There is a transition or critical region (150-
250°C) between the 2 cases, as shown in Figure 3-11. 
For further illustration, roughness as a function of power density (which is 
indicative of how much and how fast energy is inputted onto the sample surface, 








Based on AFM images, another parameter, wavelength, can be obtained by 
internal software. Each scanned line has wave-like curve. The wavelength is 
calculated by all scanned lines and indicative of the period or size of the nanodot 
structures.  Figure 3-13 shows the dependence of the wavelength on the beam voltage 
(or ion energy) (a) and power density (b). Like roughness, the wavelength is found to 
be proportional to the power density until the transition temperature region. 
Figure 3-12: Roughness is plotted with power density. The two curves are 
joined together at lower power density side.  
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3.2.4 Accelerating voltage effect 
Accelerating voltage is changed from 150V to 600V, while the beam voltage (ion 





As shown in Figure 3-14, dot sizes are almost the same when the accelerating 
voltage was lower than 300V. Between these two samples, the sample by lower 
accelerating voltage show better nanodots size distribution and arrangement. That 
means the ion beam geometry would affect nanodots formation on nanodots size 
distribution and arrangement. However, with further increase of the accelerating 
voltage, dots size and dots height becomes larger.   
Figure 3-13: Nanodot wavelength obtained from AFM images of two series of 
samples as a function with (a) beam voltage, and (b) Power density 
Figure 3-14: AFM images of samples with beam voltage 400V: (a) Ua=150V; Z axis 
scale 34 nm, (b) Ua=300V; z=31 nm; (c) Ua=450V; z=55 nm; (d) Ua=600V; z=130 nm; 
100nm (a) 150V; z=34nm 100nm (b) 300V; z=31nm 100nm (c) 450V; z=55nm 100nm (d) 600V; z=130nm











































  Chapter Three 
 National University of Singapore 48
However, as shown in Figure 3-2, samples bombarded with both larger beam 
voltage (≥ 500V) and larger accelerating voltage (450V & 600V) exhibit smooth 
surfaces (Ra < 0.86 nm). The surface smoothing would due to high substrates 










As shown in Figure 3-16, the surface roughness change little when accelerating 
voltage is lower than 300V.  When accelerating voltage larger increase continuously, 
the roughness grew rapidly.  
Figure 3-15: AFM images of samples with beam voltage 500V: (a) Ua=150V; Z =33nm, (b) Ua=300V; z=80 
nm; (c) Ua=450V; z=10 nm; (d) Ua=600V; z=10 nm; 
Figure 3-16: Roughness as function of accelerating voltage from 
150 to 600V: (a) beam voltage=400; (b) beam voltage =500V. 























100nm 100nm 100nm 100nm




  Chapter Three 
 National University of Singapore 49
3.3 Demonstration of wafer level fabrication of self-assembled 
nanodots by ion beam bombardment 
As mentioned in Chapter 1, one of the most important advantages of this self-
assembly nanopatterning technology by ion beam bombardment is its cost-effective 
fabrication process and compatibility with mass production. The sample size can be 
several inch in diameter (only limited by the broad ion beam size) and the fabrication 
process is very rapid (in minutes for typical beam current density of ~ 0.4-1 mA/cm2). 
The fabrication process (with substrate exposed to ion beam) is also one-step process 
and very simple. However, so far there is no report on experimental demonstration of 
wafer level fabrication by this technology. It is of significance to demonstrate 
fabrication capability of this technology. In this section, ECR broad ion beam source 
of our home designed ion beam system is employed to fabricate the 2” wafer sample 
and the uniformity and the microstructures of the nanodots will be studied.  
The following optimized conditions were used for the ion beam bombardment.  i) 
The type B substrate carrier and vacuum grease were used for better thermal 
conduction. ii) The dose of 5×1018 ions/cm2 was adopted for saturated surface 
modification.  iii) The ion energy was set in the range from 400 to 500eV.  iv) The 
beam current density was kept around 0.5mA/cm2 for less heating and reasonably 
short sputter time.     
Figure 3-17 shows the AFM images of the bombarded samples with ion energy of 
450 eV and beam current density of 0.47mA/cm2 and dosage of ~ 5×1018 cm-2 
(bombardment duration: ~ 30 minutes).    
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The AFM images were taken from center and edge of the wafer surface with scale 
of 2µm×2µm and 500nm×500nm.  Uniform-sized (~40 nm in diameter) nanodots are 
arranged in hexagonal lattice (~ 45 nm periodicity) and the ordering tolerance can be 
300-600 nm in dimension.    
Figure 3-18 shows grain size and surface roughness over a line across the 2” wafer 
diameter. The periodic wavelength is 45.4±0.94nm, and the roughness is 4.3±0.24nm. 
The wavelength and roughness of wafer center are higher than that of edge. That must 
be due to ion beam current density distribution.  However, the relative standard 
deviations of these two parameters are as good as 2.1% and 5.5%, respectively. The 
surface topography uniformity is rather good in a 2 inch wafer area. 
Figure 3-17: AFM images from center and edge of 2 inch wafer. The scale of images are 
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X-TEM results (Figure 3-19) show the nanodots are cone-shaped with the height 







Figure 3-18: Roughness and wavelength uniformity over whole 2 inch wafer 
































Ave.: 45.4nm; Stdev: 0.94nm; RSD: 2% 
Ave.: 4.3nm; Stdev: 0.24nm; RSD: 5% 
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The top view TEM image (Figure 3-20) also confirms the ordered arrangement 
observed by AFM images. The nanodots are self-assembled in HCP lattice on a scale 
of several hundred micrometers scale. The diffraction pattern (inset of Figure 3-20) of 






The self-assembled nanopatterns can have many applications in wide areas. In 






Figure 3-20: Top view TEM of self-assembled nanodots by 450eV ion beam 
bomabardment. 
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Chapter 4 
Exploring the application in data storage technology 
As pointed out in chapter 3, the surfaces of GaSb (100) substrates bombarded by 
low energy Ar+ ion beam can form uniform nanodots in well-organized hexagonal 
array. Because of this advantage, self-assembly technique by ion beam bombardment 
offers a promising approach for formation of ordered arrays of nanodots over large 
area in a rapid process, therefore may provide a wide range of applications. One 
application example, photoluminescence, was demonstrated on this kind of nanodots 
structure[8]. The applications in magnetic data storage technology are explored in this 
chapter. 
The basic idea is to use the ion beam induced self-assembled nanopatterns as 
templates and then transfer the nanopatterned into magnetic materials. In this thesis, 
we will demonstrate that large area nanopatterned magnetic films can be fabricated by 
depositing perpendicular [Co/Pd]n multilayer and FePt alloy magnetic thin films on 
prepatterned substrates by ion beam bombardment. The magnetic properties as well as 
microscopic structures of these nanopatterned magnetic films will be investigated. 
Further processing steps such as etching and polishing will be proposed to isolate the 
magnetic nanopatterns from each other, in order to make ultra-high density magnetic 
storage media. 
Followed by a brief introduction (Section 4.1), two specific examples of the 
nanopatterned magnetic films will be presented: i) perpendicular magnetic 
[Co(2.5Å)/Pd(6Å)]20/Pd(18Å) multilayer films in section 4.2; ii) perpendicular 
magnetic FePt films in Section 4.3.  Finally, a summary is given in Section 4.4. 
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4.1 Introduction 
Magnetic patterned media [30], where each data bit is stored in one separate 
magnetic element of an ordered array of nanomagnets, have been considered as a 
method to break through the physical limit of conventional continuous thin film media 
due to thermal instability.  Although currently the top-down nano-lithography (e.g., 
electron beam and focused ion beam lithography) is able to fabricate features in 
nanometer scale, the disadvantage of low throughput restricts their applications in 
mass production. Alternatively, the bottom-up self-assembly technology offers the 
advantage of rapid and cost effective fabrication of ordered nanopatterns in large scale.  
This technology would be a promising approach to fabricate magnetic patterned 
media.  
In our design, a kind of patterned magnetic film was firstly prepared by depositing 
a magnetic film on the pre-patterned substrate surfaces by ion beam bombardment 
induced self-assembly[4]. The nanopatterns were then transferred into the magnetic 
materials by further processing steps, such as etching and polishing.  The magnetic 
elements can then be isolated from each other.   
Two kinds of magnetic films (Section 4.2 and Section 4.3) were investigated for 
periodic magnetic films. In order to understand the switching behaviors and 
mechanisms in these well-organized nanostructured magnetic systems, the topography 
and magnetic properties were studied. 
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4.2 Nanopatterned magnetic multilayer [Co/Pd] films 
A perpendicular magnetic [Co (2.5Å) / Pd (6Å)]20 / Pd (18Å) multilayer film with 
~2.5 nm NiP seedlayer was sputter-deposited on pre-patterned surface to form 
periodic magnetic film.  The investigation of topography and magnetic properties are 
discussed in this section. 
 
4.2.1 Experimental 
The substrates used in this experiment were GaSb (100) wafer with one side epi-
ready polished.  420 eV Ar+ ion beams were used to bombard the substrate surfaces 
under normal incidence with a beam flux of 2.5×1015 cm-2s-1 and a dosage of 
approximately 6×1018 cm-2.  
Both bombarded and unbombarded substrates were sputter-deposited a 
perpendicular magnetic film [Co (2.5Å) / Pd (6 Å)]20 / Pd (18 Å) with ~2.5 Å NiP 
seedlayer. A detailed description of sputtering process was presented elsewhere[28].   
Surface morphology was characterized by atomic force microscope (AFM) in 
tapping mode.  Cross-sections of the samples were observed by scanning electron 
microscopy (SEM) (Philips XL 30 FEG) and transmission electron microscopy (TEM) 
(Hitachi H8100).  A vibrating sample magnetometer (VSM) was used to measure the 
magnetic properties with magnetic fields of up to 15 kOe applied along the out-of-
plane direction to the in-plane direction (0º to 90º to 180º from surface normal). 
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Figure 4-1shows a typical AFM image (left) and corresponding two-dimensional 
(2D)-autocovariance analysis (right).  It can be seen that uniform-sized (~40 nm in 
diameter) nanodots of domed shape are arranged in hexagonal lattice (~50 nm 
periodicity) and the ordering tolerance can be 300-600 nm in dimension. The apparent 
height of the nanodots (peak-to-valley distance) was measured from single line scans 







Figure 4-1: (A) AFM image and (B) corresponding 2D autocovariance analysis for 
the bombarded substrate surfaces  
Figure 4-2: Cross-sectional SEM image of nanodots covered by a magnetic layer 
of ~ 20 nm. 
100 nm 
SEM
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The AFM tip may not trace 
the bottom area of the valleys 
between nanodots, and 
therefore the actual height may 
be greater than the apparent 
height of the nanodots observed 
by AFM.  The actual aspect 
ratio of the nanodots is around 
1. 
 Since SEM and AFM 
images only show topographic 
structures, the multilayered 
magnetic film cannot be 
distinguished from substrate morphology. Cross-sectional TEM was used to observe 
microstructures in the magnetic film. It can be seen from the TEM image in Figure 4-
3 that the self-assembled nanodots are covered by a continuous film of ~20 nm 
thickness. The perpendicular magnetic multilayer film roughly follows the 
morphology of the nanodots structures induced by ion beam bombardment. Further 
investigations reveal a slightly smaller layer thickness on the slope portion of each 
nanodot. This is due to the shadowing effects during film deposition.  
Figure 4-3: The three-dimensional (3D) AFM image (upper) 
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4.2.3 Magnetic studies 
An ordered magnetic nanostructure can be formed by depositing magnetic films 
on pre-patterned nonmagnetic substrates.  The bombarded patterns can be transferred 
into magnetic materials.  Figure 4-4 shows AFM and MFM images for the same area 
of the sample with a perpendicular magnetic [Co (2.5 Å)/Pd (6 Å)]20/Pd (18 Å) film 
sputter-deposited on the bombarded substrate surface.  AFM observations (the left 
part of Figure 4-4, and Figure 4-3) show same periodic morphology, indicating that 






MFM image (Figure 4-4, right) of the as-deposited sample shows similar stripe 
domain patterns as those for a reference sample with unbombarded substrate.  The 
width of the stripe domains is much larger than the nanodot size. This indicates that 
there is trivial enhancement of pinning effects in the sample with bombarded substrate 
surface. 
Figure 4-5 shows magnetic hysteresis loops for as-deposited samples with 
unbombarded and bombarded substrates with magnetic fields up to 15 kOe applied 
either perpendicular or parallel to the plane of sample surface. One can note a large 
Figure 4-4: AFM(left) and MFM (right) images of a perpendicular 
magnetic [Co/Pd]n multilayer film on self-assembled GaSb(100) 
surface by ion bombardment. 
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drop of the perpendicular coercivity Hc⊥ from 3.8 to 1.2 kOe for the sample with a 






In order to investigate the switching behaviors and coercivity mechanisms, the 
angular dependence of coercivity, shown in Figure 4-6, was measured by VSM and 
plotted for both samples with bombarded and un-bombarded substrates.  The angle of 








Figure 4-5: Out-of-plane and in-plane (solid and dashed lines) hysteresis loops for 
magnetic [Co/Pd]n films on unbombarded (upper) and bombarded surfaces (lower). 
Figure 4-6: Angular dependence of coercivity for samples with 
bombarded and un-bombarded substrates 
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As shown in Figure 4-6, coercivity decreases with the directions from out-of-plane 
to in-plane; and the samples with bombarded substrates exhibit smaller coercivity 
than the samples with un-bombarded substrates. Moreover, the samples with 
bombarded substrates demonstrated less steep drop in coercivity in the range of 60º-
90º or 120º-90º from the surface normal.  
4.2.4 Discussions for coercivity switch mechanism  
As we know, the magnetic easy axis of perpendicular magnetic media is in the 
perpendicular or out-of-plane direction to the film surface. Due to the nanostructured 
morphology as observed by SEM/AFM/TEM, the local easy axis for the magnetic 
film on the slope portion of nanodots should be tilted from the surface normal. The 
titling leads to a smaller effective perpendicular magnetic anisotropy and therefore a 
smaller coercivity.  
On the other hand, Co layer thickness of 2.5 Å used here had been optimized for 
high coercivity on flat substrate in our [Co/Pd]n multiplayer films.  As shown in cross-
sectional TEM (Figure 4-2), some parts of the magnetic films may become thicker 
while some other parts over each nanodots may become thinner than the average 
thickness. The deviation of the Co thickness in local regions over each nano-dots from 
the critical value of 2.5 Å may be another reason for the observed reduction in 
coercivity in the samples with bombarded substrates.  
The less steep decrease of coercivity with increasing angle (in the region of 60º-
90º or 120º-90º from the surface normal) indicates that the magnetic switching 
behavior is more of Stoner-Wohlfarth rotation than of wall motion, also due to the 
nano-structured morphology. 
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4.3 Nanopatterned magnetic FePt films 
FePt is one of the intermetallic alloys with the L10 ordered structure. Face-
centered-tetragonal (fct) L10 FePt would be 20-40 times higher Ku than today's 
hexagonal Co-alloy based material used for today’s media, and is regarded as one of 
the promising candidates for the next generation high density recording media. 
A kind of perpendicular magnetic film FePt (15nm) / Pt (4nm) with a 15 nm 
Cr90Ru10 seed layer was investigated on the pre-patterned substrates in this section. 
4.3.1 Experiments 
The substrates used in this experiment were bombarded & un-bombarded GaSb 
(100) substrates as well as glass substrates as for reference samples.  450 eV Ar+ ion 
beams were used to bombard the GaSb substrate surfaces under normal incidence 
with a beam flux of 4.5 × 1015 cm-2s-1 (0.72mA/cm2) and varied bombardment 
duration(dosage).     
FePt (15nm) / Pt (4nm) / Cr90Ru10 (15nm) were deposited by DC magnetron 
sputtering layer by layer on the substrates with an in situ substrate temperature of 
350ºC. The seed layer Cr90Ru10 (15nm) was deposited for lattice growth with DC 
power of 200w and Ar pressure of 2mTorr. The intermediate layer Pt (4nm) was used 
to prevent Pt atom diffuse from FePt to seedlayer, and sputter-deposited with 30w 
power and 2mTorr. The top Fe50Pt50 (15nm) magnetic layer was sputter-deposited 
with 30w power and 10 mTorr. A detailed description of sputtering process was 
presented elsewhere[6].  
Surface morphology was characterized by atomic force microscope (AFM) in 
tapping mode.  Surface magnetic contrast was obtained by magnetic force microscope 
(MFM).  A vibrating sample magnetometer (VSM) and a Magneto-optical Kerr Effect 
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(MOKE) system were used to measure the magnetic properties with magnetic fields 
of up to 15 kOe applied along the out-of-plane direction & the in-plane direction. 
Crystallographic texture of the films was studied by X-Ray Diffraction (XRD, Philips 
X’Pert-MPD system). 
4.3.2 Surface morphology & roughness of bombarded GaSb substrates 
Four selected GaSb substrates had been bombarded for 0s, 50s, 120s, and 600s, 
respectively, before film deposition.  As shown in Figure 4-7 (a), the unbombarded 
GaSb substrate had much smaller surface roughness than bombarded ones. Little dots 
formed and grew continuously in the first 2 minutes, shown in (b) (c). After 10 














Sample 0, Ra=1.04nm Sample 1, Ra=3.38nm 
Sample 2, Ra=4.97nm Sample 3, Ra=8.21nm 
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As shown in Figure 4-8, the surface roughness of the substrates increases rapidly 
with ion beam dosages. The ion beam dosage and value of roughness for each 







4.3.3 Magnetic properties for FePt film on different substrates 
1) On glass substrates 
The FePt magnetic film used in this study was optimized with glass substrate.  As 
shown in Figure 4-9, the AFM image (left) of magnetic film on glass substrate has a 
much smoother surface with Ra of only 0.2 nm.  The magnetic contrast roughness 





Figure 4-8: Surface roughness of selected substrates for FePt Film samples 
Figure 4-9: AFM and MFM images of a perpendicular magnetic FePt film on glass surface. 


















No. Dose (E18) Ra(nm) 
Sample 0 0 1.04 
Sample 1 0.23 3.38 
Sample 2 0.54 4.97 






Glass-MFM Ra=0.38 deg Glass-AFM Ra=0.2nm 
  Chapter Four 
 National University of Singapore 64
As shown in Figure 4-10, the coercivity along out-of-plane direction is much 
larger than that of in-plane direction. The hysteresis loop along out-of-plane direction 
shows highly anisotropy compared with that of in-plane direction. The FePt film on 











2) On GaSb Substrates 
The AFM (left) and MFM (right) images for the FePt magnetic films, grown on 
different GaSb substrates with varied bombardment dosages, are shown in Figure 
4-11.  As indicated from AFM images, the FePt magnetic films can follow the 
topography of pre-patterned substrates and form ordered magnetic nanostructures. 
The bombarded patterns can be transferred into magnetic materials with further 
polishing / etching process to form isolated magnetic nanodots.  
Figure 4-10:  In-plane and out-of-plane hysteresis loops for a magnetic FePt film on glass substrate. 
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Figure 4-11: AFM (left) and MFM (right) images of perpendicular magnetic FePt films 






















Sample 0(MFM) Ra=0.334deg 
Sample 2(AFM) Ra=4.67nm 
Sample 3(AFM) Ra=5.20nm 
Sample 1(AFM) Ra=3.48nm 
Sample 2(MFM) Ra=0.144deg 
Sample 3(MFM) Ra=0.143deg 
Sample 1(MFM) Ra=0.267deg 
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The functional dependences of surface roughness (from AFM images of Figure 
4-11) and magnetic contrast roughness (from MFM images) on ion beam dose are 
summarized in Figure 4-12.  The trends are almost opposite. While the surface 
roughness increases rapidly to saturation, the magnetic contrast roughness decreases 








The hysteresis loops for magnetic FePt films on the bombarded GaSb substrates 
with different roughness, along in-plane and out-of-plane directions, are shown in 
Figure 4-13.  The FePt magnetic film on unbombarded GaSb (sample 0) has the 
largest coercivity among all samples. In sample 0, its out-of-plane coercivity (by 
MOKE) is large than in-plane coercivity (by VSM). On the following samples, the 
coercivity decreased continuously. The sample 3 (dose 8×1018ions/cm2 & Ra=8nm) 
has a small coercivity of ~100 Oe. 
Figure 4-12: Surface topography roughness(from AFM) and magnetic contrast roughness 
(from MFM) as a function of the ion dosages used to bombard the substrates. 
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Figure 4-13: Hysteresis loops for magnetic FePt film on the GaSb substrates with different roughness: 
Black lines with symbol were obtained from VSM with in-plane direction;   Blue lines were obtained 
from MOKE with out-of-plane direction. 
Figure 4-14: In-plane (dot) and out-of-plane (dash) coercivities of FePt magnetic films 
as functions of substrate surface roughness (measured before deposition) 
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Figure 4-14 shows the in-plane and out-of-plane coercivity as a function of 
substrate surface roughness. The coercivities of the samples on both directions 
decrease with the increase of substrate surface roughness.  The drop of the coercivity 
is faster along the out-of-plane direction than the in-plane direction.  On the un-
bombarded GaSb substrate, the FePt film has less anisotropy than that on glass 
substrate. When the substrate surface roughness is over 5nm, the in-plane coercivity 
became higher than out-of-plane one.  
The magnetic properties of FePt films are significantly dependent on the atoms 
ordering in the films.  As shown in Figure 4-15, the X-ray diffraction (XRD) pattern 











Figure 4-15: X-ray diffraction patterns (XRD) of (up) GaSb substrate and (bottom) FePt magnetic 
film on it. The inset is the magnification around the peak of FePt fct(111). 

































  Chapter Four 
 National University of Singapore 69
4.4 Discussion and conclusions 
1) A discussed in section 4.2, on the slope portion of nanodots, the magnetic easy 
axis of perpendicular magnetic media should be tilted from the surface normal. The 
titling leads to a smaller effective perpendicular magnetic anisotropy and therefore a 
smaller coercivity.  
2) The thickness and depositing conditions of the seedlayer and the FePt magnetic 
layer were optimized for glass substrate.   The glass is an amorphous material.  While 
for GaSb, the substrate crystallographic structure may affect the seedlayer lattice that 
is hard to form FePt fct(111) structures.  That may reduce the anisotropy of coercivity 
between out-of-plane and in-plane.   
3) The increased substrate surface roughness leads to the decrease of the intensity 
of FePt fct(100) peak. The loss of FePt fct(100) is attributed to the reduction of 
coercivity in both directions. 
4.5 Summary 
In this chapter, a method to fabricate periodic magnetic nanostructures has been 
presented.  The magnetic films were sputter-deposited on self-assembled GaSb(100) 
surfaces by ion beam bombardment. The self-assembled nano-pattern can be 
transferred to the magnetic films. 
Two kinds of perpendicular magnetic films, i) [Co (2.5Å)/Pd (6 Å)]20 / Pd (18 Å) / 
NiP (~2.5Å) and ii) FePt (15nm) /Pt (4nm) / Cr90Ru10 (15nm), have been investigated 
on pre-patterned GaSb substrates.  For both magnetic films, the decreases of 
coercivity were found on bombarded substrate with larger roughness.  
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 The drop of the coercivity on bombarded substrates may due to: i) tilting of the 
perpendicular magnetic anisotropy on the slope of nanodots; ii) deviation of the 
thickness of critical layer (like seed layer); iii ) seed layer’s crystallography structure, 
which affects magnetic layers growth. 
The substrate surface properties (such as roughness and dots size) can be 
controlled by adjusting the ion beam parameters.  The magnetic properties of 
magnetic can be modified by the substrates properties. This provides a method to 
control the magnetic properties of magnetic films.  
Future work includes different combinations of modified substrate/magnetic layer, 
and the magnetic layer optimization for pre-patterned substrates. Further processing 
steps such as etching and polishing will be used to isolate the magnetic elements from 
each other in order to make ultrahigh density magnetic storage media.  
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Ion beam bombardment induced self-assembled nanopatterns have been 
systematically studied with an ECR ion beam source of 120 mm in diameter in this 
thesis. Broad Ar+ ion beam with ion energy (Ei) of 100-1000 eV (or beam voltage Vb 
from 100-1000 V), ion dose (∅ = dose rate ∅/t or flux times bombardment duration 
time t) up to ~ 1019 ions/cm2, beam current density up to ~ 1 mA/cm2 (or flux or dose 
rate ∅/t up to 6×1015 ions/cm2/s) and accelerating voltage Va from 100-1000 V was 
used to bombard GaSb (100) substrate at normal incidence angle. It was found that 
ion beam geometry and substrate temperature as well as ion beam energy and ion 
beam dose play very important roles in the topography evolution of the bombarded 
GaSb(100) surface. The mechanisms are attributed to interplay between roughening 
due to the ion sputtering and smoothing because of surface diffusion/ viscous flow. 
The fabrication process for self-assembled nanopatterns was optimized with 
appropriate ion beam bombardment parameters such as beam voltage, accelerating 
voltage, beam current density, bombardment duration and substrate temperature (by 
effective substrate cooling). The formation of well-ordered arrays (in regular 
hexagonal lattice with lattice constant of ~ 50 nm) of uniform sized nanodots (~ 40 
nm) of cone shape was observed for samples bombarded by Ar+ ion beam of 400-500 
eV with dose  ≥ 5×1018 ions/cm2 and beam current density of ~ 0.5 mA/cm2. The 
fabrication of ordered arrays of uniform-sized nanodots (difference of average dot 
size in wafer center and edge is less than ~ 2% over 2” area) on GaSb (100) surface 
over 2” wafer by ion bombardment induced self-assembly was successfully 
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demonstrated with our home designed ion beam system. So far there has been no such 
report to our knowledge. 
The advantages of ion beam bombardment induced self-assembly technology 
include: 1) fabricating uniform sized nanodots (can be as small as 16 nm for 
Germanium substrate), 2) covering large area (inches in dimension, dependent on the 
ion beam source size), 3) fast deposition process (in minutes for normal beam current 
density of ~ 1 mA/cm2), and 4) therefore cost-effective; furthermore, 5) no pre-
patterned mask / mold needed, and 6) mass-production compatible. 
The potential applications of the fabricated self-assembled nanopatterns to 
magnetic data storage technology were explored in this thesis as well. Nanopatterned 
[Co/Pd]n and FePt magnetic films have been fabricated by sputter-depositing the 
magnetic films on the prepatterned substrate surface by ion beam bombardment. The 
magnetic properties were studied and discussed in terms of surface roughness and 
effective magnetic anisotropy. Further processing steps, such as etching and polishing, 
have been suggested to isolate the magnetic nano-elements from each other in order to 
fabricate ultra-high density magnetic storage media. 
To conclude this chapter, the following interesting topics are suggested for further 
studies: i) theoretical studies of the self-assembly mechanisms; ii) experimental 
studies with other substrate materials, such as InP, Ge; iii) study of applications to 
other nanotechnology areas as well as magnetic storage technology. 
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Appendix A 















Appendix Figure - 1: Schematic illustration of how a 2” wafer is 
cut into small pieces of substrate for ion beam treatment. The 
numerical number shows the code for each small substrate. 
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